C
hronically high rates of bone resorption relative to bone formation that occur with menopause and aging lead to bone loss and, ultimately, to osteoporosis. Estrogen hormone replacement therapy suppresses bone resorption and reduces fracture incidence in postmenopausal women (1, 2) . However, adverse health risks, including stroke, embolism, and breast cancer identified in the Women's Health Initiative (WHI) (2) , have stimulated a search for alternative nonhormonal antiresorptive agents for prevention of bone loss. Bisphosphonates fit this requirement and are medically prescribed for the prevention of bone loss and fracture in patients with, or at risk of, osteoporosis (1) . Although relatively well tolerated, side effects include hypocalcemia, skin rashes, esophageal ulceration, and in some cases osteonecrosis of the jaw in the immunosuppressed (3) . Isoflavones, natural plant compounds recognized for their estrogen-like effects, are commercially available without prescription and are used as an alternative to estrogen therapy in postmenopausal women without compelling evidence for their efficacy (4) . The major commercial sources of isoflavones used in botanical dietary supplements marketed for this purpose are derived from soybeans, red clover, and kudzu (5) . They are assumed to have a more favorable safety profile than estrogen because of their higher relative binding affinity for estrogen receptor-␤ in bone than for estrogen receptor-␣, which is abundant in reproductive tissues (5) , although plasma concentrations after ingestion of modest amounts (ϳ50 mg/d) of isoflavones may exceed levels of endogenous estradiol by several orders of magnitude (50 -80 ng/ml vs. 40 -80 pg/ml) (6) . Soy food consumption has been shown to be associated with decreased risk of fracture in a sample of more than 24,000 postmenopausal women studied over 4 yr in the Shanghai Women's Health Study (7) .
Commercial isoflavone supplements vary in their source and consequently in their isoflavone profiles and potencies. A comparison of the antiresorptive effect on bone of isoflavones from different sources with each other and with estrogen and bisphosphonates has not been evaluated because of the large sample size required with the current measures of bone resorption. Such a comparison has recently become practical in a small sample size using a novel sensitive screening technique using 41 Ca that rapidly responds to effective interventions on bone resorption (8) . The evidence for an effect of estrogen and phytoestrogens on other parameters of mineral transport including calcium absorption is unclear (5) .
The aims of this study were 2-fold. The first was to compare plant-derived isoflavones from various commercial sources with effective antiresorptive drug therapies for their ability to suppress bone resorption and alter calcium absorption in postmenopausal women. The second was to compare the effects on net bone resorption measured by 41 Ca methodology with those measured by standard biochemical markers of bone resorption in blood and urine.
Subjects and Methods

Study participants
Twelve healthy postmenopausal women were enrolled in the study, 11 of whom completed the study. Written informed consent was obtained from all subjects after approval of the study by Purdue University and Indiana University Purdue University Institutional Review Boards.
Seven subjects had been dosed with 41 Ca from a previous study (8) and five subjects had not. Exclusion criteria included less than 4 yr postmenopausal; use of estrogen hormone replacement therapy, antiresorptive drugs, and drugs for the treatment of bone disease; thiazide diuretics; thyroid replacement therapy; corticosteroids; nonprescription drugs; isoflavone consumption; and a history of malabsorptive, bone, liver, kidney, hormonal, cancer disease, or soy allergies. No racial groups were excluded. One Asian woman dropped out after being diagnosed with hemochromatosis. The remaining 11 white women completed all phytoestrogen phases. Subjects were initially offered estradiol plus medroxyprogesterone as the positive control, but after publicity surrounding the premature termination of the Women's Health Initiative hormone trial, a bisphosphonate was offered instead. Six women opted for the bisphosphonate as a positive control and one woman declined any positive control (Fig. 1) .
Serum FSH and LH were measured at screening to verify postmenopausal status, and biochemical variables were measured to determine the health of the subjects. Areal bone mineral content and bone mineral density of the lumbar spine, proximal femur, and total body were measured by dual-energy x-ray absorptiometry (DPX IQ; Lunar, Madison, WI) at the beginning of the study.
Study design
The study design was a blinded, randomized order, crossover intervention trial. The plan was to compare the effect of four commercial isoflavone supplements with oral hormone replacement therapy or an oral bisphosphonate on bone resorption and calcium absorption in postmenopausal women who did not actively supplement with isoflavones.
All subjects received four plant-derived commercially available botanical supplements derived from soy cotyledon, soy germ, red clover, or kudzu ( Table 1 ). The isoflavone profile of each supplement varied with the botanical source and the dose varied with manufacturer recommendations. Subjects were asked to take each intervention in divided doses throughout the day with meals but to consume all capsules/tablets by midnight. They were advised not to take extra pills on any day to compensate for previously missed pills. Either 1 mg oral estradiol (Estrace) combined with 2.5 mg medroxyprogesterone (Provera, Parmacia & Upjohn Company, Division of Pfizer Inc., New York, NY) daily or 5 mg/d of risedronate (Actonel, Procter & Gamble Pharmaceuticals, Cincinnati, OH) was used as the positive control for comparison. Participants were instructed to take risedronate on rising at least 30 min before consuming food or beverages and to take estrogen before breakfast.
The randomization schedule for order of intervention was determined by the statistician. Although subjects were not told which intervention they were on, the intervention regimen varied and tablets and capsules varied in number per day and appearance. Subjects were provided 500 mg/d calcium ( 
Biochemistries
Fasting blood and urine samples were obtained at the beginning and end of each intervention period for the measurement of serum isoflavone concentrations and biochemical markers of bone turnover. Serum isoflavone concentrations were used as an indicator of compliance. Serum isoflavone concentrations were analyzed as previously described (9, 10) using reverse-phase HPLC-electrospray ionization-mass spectrometry using a PESciex API III triple quadrupole mass spectrometer (Sciex, Concord, Canada). Biochemical markers of bone turnover included urinary collagen type I cross-linked N teleopeptides, urinary free deoxypyridinoline, and serum bone alkaline phosphatase and osteocalcin. In addition, serum PTH, 25-hydroxy vitamin D, and 1,25-dihydroxy vitamin D were measured at the end of each intervention. RIAs, immunoradiometric assays, and enzyme immunoassays were used to measure hormones and biochemical markers of bone turnover. The interassay percent coefficient of variation (CV) for urinary N-telopeptide cross-links is 7.1 and 12.6% for serum PTH. Serum 25-hydroxyvitamin D (10.5% CV) and 1,25 (OH) 2 vitamin D (10.5% CV) were measured by using RIAs (DiaSorin Inc., Stillwater, MN). Serum osteocalcin was measured (9% CV) using a RIA that was developed at the Indiana University General Clinical Research Center.
41
Ca technique
Subjects were given 41 Ca (Argonne National Laboratories, Argonne, IL) by iv injection in sterile saline. Subjects enrolled in the previous study (8) received 100 nCi or 1 Ci, and newly enrolled subjects received 50 nCi after it was determined that this dose was sufficient to be detected. A period of 100 d or more was allowed to clear 41 Ca from soft tissues and establish equilibrium between 41 Ca released from bone by resorption and 41 Ca excreted in urine. Baseline measures of urinary 41 Ca were collected over the subsequent 100 d. An intervention period of 50 d was selected because the response of urinary 41 Ca to a bisphosphonate has been shown to be complete by 50 d (11) . Each 50-d intervention period was preceded by a preintervention period of 50 d or more that served as the baseline period of 41 Ca excretion for the next intervention period. Twenty-four-hour urine samples were collected approximately every 10 d during all pre-and intervention periods for the measurement of 41 Ca by accelerator mass spectrometry as previously described (8) .
Calcium absorption
At the end of baseline and each intervention period, a calcium absorption test with 15.2 mg 44 Ca as CaCO 3 and the assigned supplement as part of a test meal containing 250 mg Ca was performed as previously described (8) . 44 Ca enrichment was determined in the 5-h blood sample by Inductively Coupled Plasma and Mass Spectrometry as previously described (12) . Fractional calcium absorption was determined as: (5- 
Statistical analysis and sample size calculation
Means and SDs of subject characteristics and outcome measures were determined. Biochemical measures of responses to interventions were compared using ANOVA. The natural logarithm of the urinary 41 Ca to Ca ratio was analyzed using a modified general linear model described previously in an online appendix (8) . The model includes terms for subject, time, the subject-by-time interaction, and intervention period. It allows for the intervention effects to be estimated as contrasts between the intervention period and the corresponding preintervention (control) period. Exponentiating these differences expresses the treatment effect as the relative resorption (RR). A value of RR ϭ 1.0 corresponds to no change in net bone resorption reduction, whereas RR ϭ 0.8 corresponds to a 20% reduction in bone resorption. SEs for significance tests were calculated using asymptotic methods and the bootstrap procedure (14) . The statis- tical model and the bootstrap procedure with SAS programs SAS Institute, Cary, NC) and sample data are available (http://www.stat.purdue.edu/ϳmccabe/ca41/). For a sample of size of 10, the power of detecting a RR of 0.94, i.e. a 6% reduction in resorption, is 80%. This high power is a consequence of the crossover design in which subjects are used as their own controls. Linear models were used to test the ability of subject characteristics, serum isoflavone levels, and biochemical measurements to predict the response in RR. SAS software (version 9.0; SAS Institute) was used for all computations.
Results
Baseline characteristics (Table 2) At baseline, subjects were past the rapid bone loss phase associated with menopause. All women underwent natural menopause. Compared with non-Hispanic white women in the United States of similar age, subjects were similar in height and bone mineral density but were heavier. Average habitual calcium intake was below the 1200 mg/d recommended for this age group, but the supplement brought the mean intake to this level.
Subjects attended all clinic visits and completed all interventions except for one dropout and one woman who declined the positive control. To encourage compliance, the study pills were packaged in daily packets and supplied for 10-d periods. Subjects met with staff every 10 d. One subject experienced breakthrough bleeding in response to estrogen. One subject diagnosed with hemachromatosis discontinued the study. Two subjects reported gastrointestinal discomfort during the soy intervention. Serum isoflavone levels indicated good compliance with the interventions and variable bioavailability of the soy isoflavones (Table 3 ).
The participants' food records showed no changes in nutritional composition of diets from baseline to end of study, and all records were averaged ( Table 2) . Subjects were low habitual consumers of soy products according to interview and diet records.
Net bone resorption (Fig. 2 and Table 4) RR was 0.756 (P Ͻ 0.0001) for estrogen plus medroxyprogesterone, indicating that bone resorption was suppressed by 24.4% compared with the preintervention period (Table 3) . RR was 0.783 (P Ͻ 0.0001) for risedronate.
Supplements derived from soy cotyledon were the most effective plant-derived isoflavones, (RR 0.910, P Ͻ 0.001) but were only approximately one third as effective as estrogen therapy. Supplements derived from the soy germ (RR 0.945, P Ͻ 0.05) were half as effective as the soy cotyledon product. Neither the red clover nor the kudzu supplements significantly (P Ͼ 0.05) reduced bone resorption. When residual effects of the positive control interventions were apparent, i.e. urinary 41 Ca did not return to baseline levels during the recovery period, in a few of the subjects, indicating a carry-over effect into the next recovery period, we removed data for all subsequent interventions and found that results were not altered. This primarily affected the kudzu phase, which was reduced to seven subjects when post positive control intervention periods were eliminated. 
Calcium absorption
Serum isoflavones and biochemistries (Table 3)
Serum PTH and 25(OH) vitamin D and urinary calcium and phosphorus were unaffected by intervention. Biochemical markers of bone turnover were also unaffected by the intervention with the exception that serum alkaline phosphatase was lower (P Ͻ 0.04) during the red clover intervention than at baseline.
Total serum isoflavone levels were much higher during intervention with dietary supplements. Total serum isoflavone levels were similar except for during the red clover intervention, reflecting the lower total isoflavone dose of that dietary botanical supplement. Serum genistein levels were highest during the soy cotyledon intervention, re- Different letter superscripts within a row indicate mean group differences.
BAP, Bone alkaline phosphatase; Alk Phos, alkaline phosphatase; NTx, crosslinked N-telopeptides of type I collagen; Cr, creatinine; BCE, bone collagen equivalents; fDPD, free deoxypyridine; 25(OH)D, 25-hydroxyvitamin D; DHD, dehydrodaidzein; O-DMA, o-desmethylangolensin; n.s., not significant.
flecting the higher dose of this isoflavone. Neither individual or total serum isoflavone levels or any biochemical marker explained the response to bone resorption due to intervention.
Discussion
In this randomized-order, crossover trial, we demonstrated that botanical dietary supplements derived from soy cotyledon and germ marketed to prevent postmenopausal bone loss did significantly suppress net bone resorption in postmenopausal women, but the magnitude of effect was modest compared with either hormone replacement therapy or the risedronate. Dietary supplements derived from soy red clover or kudzu did not significantly reduce bone resorption, even though they are marketed as natural, nonhormonal therapies with the potential to attenuate bone loss in postmenopausal women. This study sheds light on the mixed results of trials with phytoestrogens, some of which showed a positive effect on bone mass (15) (16) (17) (18) (19) and others that demonstrate no effects (20 -23) . Our ability to use a crossover design removed confounding factors associated with different cohorts and allowed a direct comparison of various profiles of plant-derived isoflavones.
The primary outcome measure we used was urinary excretion of 41 Ca from prelabeled skeleton. 41 Ca is a rare isotope with a long half-life of about 10 5 yr that can be analyzed by accelerator mass spectrometry at concentrations of 10 Ϫ18 M. 41 Ca enters the bone and once soft tissue clearance is complete, its appearance in the urine represents a stable marker of bone resorption that can be monitored for the rest of the person's life. Multiple interventions can be compared in the same subjects by a practical and cost effective method that we propose offers enhanced specificity and sensitivity over biochemical markers of bone turnover.
The most commonly consumed and most extensively studied phytoestrogens are derived from soybeans. A recent metaanalysis of 10 randomized controlled trials of soy isoflavone intake on spinal bone mineral density in peri-or postmenopausal women found a significant increase with isoflavone intakes greater than 90 mg/d (28.5 mg/cm 2 , 95% confidence interval 8.4 -48.6 mg/cm 2 ) and an intervention period lasting 6 months or more (27 mg/cm 2 , 95% confidence interval 8.3-45.8 mg/cm 2 ) (24). Our study shows that soy isoflavones ingested in quantities exceeding 90 mg/d suppresses bone resorption over a 50-d intervention period. The total isoflavone doses in the present study were higher than the highest dose in our previous study (220 vs. 135.5 mg total aglycone isoflavone units per day), which showed no effect on bone resorption (6), and they are also higher than would be consumed on a typical Asian diet (24) . However, intakes did not exceed intervention doses of the synthetic isoflavone, ipriflavone, which was not found to be effective in preventing bone loss in a metaanalysis (23) . The isoflavone profile of the soy cotyledon-derived dietary supplements of the present study was similar to our previous study but with a higher proportion of genistein-like isoflavones (73 vs. 56%) (8) .
The difference between efficacy of soy germ and soy cotyledon supplements may be due to the somewhat higher total isoflavone intake on the soy cotyledon intervention (220 vs. 153 mg/d) and to differences in isoflavone profile of the products. The soy germ supplement was half as effective as the soy cotyledon supplement, and it contained more daidzein-like isoflavones (40%) and glycitein-like isoflavones (48%), but less genistein-like isoflavones (12%). Serum genistein levels in subjects averaged 4 times higher during the soy cotyledon than during the soy germ intervention (3489 Ϯ 3172 vs. 835 Ϯ 694 nmol/ liter) without higher total serum isoflavone levels being attained, although the variation was large. Thus, it would appear that genistein is the more effective isoflavone. Genistein supplementation was as effective as hormone replacement therapy in reducing bone mineral density loss of the femur and lumbar spine in a 1-yr trial in postmenopausal women (25) and was effective after 24 months in a a n ϭ 11 except subjects either opted for estrogen (n ϭ 4) or risedronate (n ϭ 6) as a positive control. follow-up study, which showed a constant decrease in bone resorption. There are numerous proposed (26) mechanisms by which genistein improves bone health from direct genomic estrogen receptor-mediated effects to nongenomic actions such as protein tyrosine kinase inhibition. Suppression of bone resorption can occur through inhibition of osteoclastogenesis or direct inhibition of osteoclasts. Mixtures of different isoflavones may not optimize efficacy (27) . Each isoflavone has a unique structure that very specifically affects its capacity to competitively bind estrogen receptors and maintain binding affinity relative to other isoflavones present, and furthermore, structure dictates the subsequent potency of its activity as a selective estrogen receptor modulator.
The dominant isoflavone in the red clover supplement was formononetin (78%) and the second most abundant isoflavone was biochanin A (4Ј-methoxygenistein) (16%) which are not present in soy. Bone resorption was not significantly (P ϭ 0.09) reduced by the red clover supplement, possibly attributable to the lower dose and approximately 50% reduction in serum total isoflavones. To the extent that genistein may be the most bone active isoflavone, substantially increasing the dose of red clover supplementation, which is only 1.4% genistein (and 16% genistein precursor, biochanin A), would still not have been as effective as soy cotyledon. Nevertheless, 6 months of therapy with this supplement at doses of 57 or 85.5 mg/d resulted in a 4.0 and 3.0% increase, respectively (P ϭ 0.002 and 0.023), in forearm bone mineral density in postmenopausal women (19) .
The kudzu contained 14% daidzein-like isoflavones and 85% puerarin. Puerarin is unique in that it contains a ϪC-C-glucoside rather than a ϪC-O-glucoside bond and consequently is absorbed intact without metabolism (28) . This isoflavone was ineffective at reducing bone resorption, even though serum isoflavone levels were as high as with the soy supplements.
The antiresorptive potential of the dietary supplements largely reflected the serum genistein levels achieved during intervention. Serum concentrations of the presumably bioactive gut microbial metabolites of daidzein, equol, and O-desmethylangolensin (29) were unrelated to bone resorption response to dietary interventions. Five of the 11 subjects were equol producers.
The sensitivity of the 41 Ca technique was demonstrated by the ability to significantly (P Ͻ 0.0001) detect suppression of net bone resorption by estrogen therapy and the bisphosphonate risedronate in just four to six women. Similarly, Denk et al. (30) demonstrated a significant shift in urinary 41 Ca excretion after 6 months of risedronate therapy in six postmenopausal women, reflecting the significant increase in spine bone mineral density by 3%. The magnitude of effect in shifting 41 Ca to Ca ratios by risedronate therapy was similar to changes in biochemical markers of bone turnover. The intraindividual variation in measurements of 41 Ca were small (similar in magnitude to measurement precision) in contrast to biomarkers of bone turnover (10 -45%). In the small cohort in the present study, urinary biochemical markers of bone turnover were not significantly different among interventions due in part to measurements only being taken once at the end of each intervention rather than at each collection for 41 Ca analysis and in part to their inherent lack of specificity and large inherent variability compared with 41 Ca (30, 31) . Via dual-energy x-ray absorptiometry, the time required to see a response in areal bone mineral density and observe a change of the order of 1.2-4.7% (CV 1-2%) from an estrogen or risedronate intervention has been shown to be long (32) (33) (34) . In this study, we were able to measure an estrogen-and risedronate-induced response via an approximately 25% effect on 41 Ca excretion (CV 1.2%) in just 50 d.
The main strength of our study was the ability of the 41 Ca method to compare multiple interventions in a small cohort of postmenopausal women. A limitation of our study was that our small subject population was homogeneous, i.e. all healthy white postmenopausal women living in the Midwest, which limits generalizability of results. Other limitations include the practical use of commercially available supplements, which precluded matching the dose, size, and shape of tablets. We have not verified which isoflavone or dose is most effective at suppressing bone loss. Our short-term study could not assess longterm efficacy or safety of the interventions.
The phytoestrogen preparations investigated in this study were variably efficacious with respect to suppressing bone loss. Moreover, all isoflavone effects were modest compared with estrogen or risedronate therapy. The most effective phytoestrogen treatment was the soy isoflavone preparation containing high levels of genistein. In that they are natural selective estrogen receptor modulators, they may be better tolerated in the long term than estrogen or bisphosphonates. Future research should be aimed at long-term efficacy and safety and identifying the most effective single isoflavone or isoflavone compound and dose.
